Leishmaniasis is a parasitic disease caused by the protozoa Leishmania. These organisms secrete acid phosphatases during their growth cycle as an important part of cell targeting to host macrophage cells thus allowing for a successful infection. Secreted acid phosphatases (SAP) are reported to play a significant role in the survival of Leishmania cells, thus evaluation of these enzymes is of interest. The inhibition of SAP can be the focus of a new drug therapy. We tested for SAP activity from Leishmania tarentolae following the addition of a series of vanadium complexes including decavanadate. Cell cultures at different stages in their growth curve were harvested by centrifugation and supernatant was collected. The SAP activity in the supernatant was assayed with the artificial substrate p-nitrophenylphosphate (pNPP). Incubation with orthovanadate resulted in a decrease in activity of 18% ± 1 relative to the control, in comparison to decavanadate, which resulted in a 35% ± 4 decrease in activity. Other vanadium complexes showed smaller inhibitory effects than orthovanadate. Some vanadium complexes appeared to have an effect on reducing cell clumping when compared to control cells. The SAP was partially isolated through anion exchange chromatography and results indicate that SAP isozyme forms are present in the supernatant from cells. Future work is focused on obtaining recombinant enzyme which can be more completely characterized for inhibition by vanadium complexes.
Introduction

Leishmaniasis
Leishmaniasis is a protozoan disease that is classified as one of the "most neglected diseases¬" because of its association with poverty stricken populations particularly those in tropic and sub-Saharan regions (Berman, 2003; Center for Disease Control and Prevention, 2013) . Parasitic Leishmania spp. are the cause for this disease and a sandfly vector transfers Leishmania when biting humans or other hosts. The promastigote form of the organism is carried by the sandfly, and this form differentiates into the amastigote form in macrophages of the alternate host (Vannier-Santos et al., 2002; Center for Disease Control and Prevention, 2013) . A variety of invasion and evasion strategies are used by Leishmania in their successful infection of a variety of hosts (Vannier-Santos et al., 2002) . Effects of leishmaniasis can range from permanent scarring to death in the case of visceral leishmaniasis if left untreated.
Traditional Treatments
Traditional treatments for leishmaniasis are limited and involve the use of antimony-containing compounds and other drugs. All such treatments are unsatisfactory because they are toxic, expensive, require multiple treatments, or lose effectiveness due to the parasite's ability to acquire drug resistance after prolonged use (Vannier-Santos et al., 2002; Magill, 2009; Duncan et al., 2011) . Current treatments also have substantial side effects; these side effects may be related to the similarity of cell biology of protozoan parasites to other eukaryotic cells thus increasing toxicity risks. Owing to the large association of this disease with poverty and rural regions, these treatments may not always be available, and there continues to be many chemotherapy challenges (Berman, 1997; Pathak & Batra, 2009; Croft & Buffet, 2011; Harhay et al., 2011) . Thus, the study of other viable therapy directions is important. Drugs that inhibit secreted parasite enzymes, such as secreted acid phosphatase, could help booster the treatment of this disease.
Phosphatases and Leishmania
In general, phosphatases are a large group of enzymes that catalyze the cleavage of phosphate groups from a wide variety of phosphorylated compounds. These enzymes are generally classified relative to the pH optima (acid, neutral, or alkaline) or relative to important participating amino acids such as with protein tyrosine phosphatase (Vincent et al., 1992; Gani & Wilkie, 1997) . Phosphatases function in opposition to kinases and phosphorylases, acting as important physiological regulators. Thus phosphatases are involved in a number of important physiological roles. Membrane bound acid phosphatases are reported to inhibit the production of neutrophil oxidative metabolites O 2 -and H 2 O 2 , suggesting a pathophysiological role for membrane-bound acid phosphatases (Remaley et al., 1985) . The secreted acid phosphatases are now well established to be different from the membrane-bound acid phosphatase of Leishmania (Glew et al., 1988) . The secreted acid phosphatases are also reported to play a significant role in the survival of Leishmania cells. Lovelace and Gottlieb (1986) reported that acid phosphatase activity was secreted by all major species of Leishmania tested except L. major and L. tarentolae. However, others reported that L. major promastigotes release soluble acid phosphatases (Shakarian & Dwyer, 2000) . Ellis et al. (1998) reported that Leishmania amastigotes synthesize secretory acid phosphatases during the infection process. Vannier-Santos et al. (1995) reported that secreted acid phosphatase (EC #: 3.1.3.2) has an important role in Leishmania infectivity, perhaps by enhancing host-parasite interactions. However, the mechanism is not well established. Work on secreted acid phosphatases (SAP), especially from Leishmania, has been reported since the early 1970s. Isolation, partial characterization and possible biological function of these acid phosphatases has progressed so that these enzymes are now well established to be distinct from the other phosphatases of cells especially in terms of cell cycle, protein molecular weight and degree of glycosylation (Gottlieb & Dwyer, 1982; Ilg et al., 1991 Ilg et al., , 1994 . The secreted acid phosphatases are also reported to play an important role in infectivity (Shakarian & Dwyer, 2000) , thus studies of this enzyme could allow for new therapeutic directions. Disruption of the SAP could result in an increased host immune response thus killing the invading parasite before it is able to establish itself in vivo. It is well documented that orthovanadate (VO 4 3-) is an effective inhibitor of phosphatases, and in general, a variety of vanadium complexes have been shown to inhibit various phosphatases in vitro (reviewed by Gresser et al., 1987) . We have also recently reported the inhibitory effects of decavanadate and other select vanadium complexes on several enzymes, especially those using intermediary metabolites with phosphate groups, and on growth of Leishmania tarentolae in vitro (Turner et al., 2012) . The mechanism of inhibition was not fully characterized in our previous work (Turner et al., 2012) .
Hypothesis
Owing to the ambiguity in the literature concerning leishmanial secreted acid phosphatase and its potential role in Leishmania infectivity, our approach has been to assess the inhibition of L. tarentolae SAP by selected vanadium complexes that have already been reported to moderately affect L. tarentolae in culture (Turner et al., 2012) . We hypothesize that evaluation of inhibitory effects using partially purified enzyme will give insight into mechanism of inhibition and open new therapeutic directions.
Method
Cells
Axenic Leishmania tarentolae promastigote cells (ATCC 30143 cells) were grown, at room temperature, in polystyrene 25 cm 2 flasks (Corning) in sterile brain-heart infusion (BHI; Becton, Dickinson and Company) medium prepared as per the ATCC recommended protocol with added hemin (20 μM), penicillin and streptomycin (10,000 units/mL and 10 mg/mL, respectively; Sigma-Aldrich) following the general protocol of Morgenthaler et al. (2008) . Although L. tarentolae is not a pathogen for humans, we used this species because the promastigotes are easy to grow in culture and can be used as a model system for the human pathogenic species (Taylor et al., 2010) . In some cases, the cultures were initiated with a small number of cells on day 0 and in other cases a larger inoculum of cells were used. For enzyme assays, flasks with BHI medium, without cells, were incubated and used for blanks as indicated below. Cells grown in BHI without added vanadium compounds are considered control cells. Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Mosmann, 1983) and cell shape, motility, and clumping were monitored by light microscopy using a Jenco inverted microscope (model CP-2A1; at 100 or 400 x magnification). Data are reported as mean ± SD for n = 3-4 replicates with some data presented as direct absorbance values and others reported as percent of control cell response. Analysis of variance (ANOVA) was used to evaluate statistical significance. When the hemin was omitted from the culture medium, www.ccsenet.org/ijc International Journal of Chemistry Vol. 6, No. 1; cell growth was undetectable by MTT response or SAP activity (data not shown) due to the overall limited growth of the cells.
Cells were collected and pooled into 50 mL conical polypropylene tubes. Tubes were centrifuged at 13,667 xg, 4 °C for 20 minutes to collect the cell-free supernatants which were assayed directly for secreted acid phosphatase activity or used to partially purify the enzyme using anion exchange chromatography. To directly assay the supernatants for secreted acid phosphatase activity, 450 μL aliquots were incubated with 450 µL of 0.15 M sodium acetate buffer (pH 4.5), and 100 µL of freshly prepared p-nitrophenylphosphate (pNPP, 13.5 mM in sodium acetate buffer) in 1.5 mL polypropylene centrifuge tubes. Samples were incubated for up to 24 hours in the dark at room temperature. Reactions were stopped by addition of 100 µL of 10 M NaOH. Blanks, containing BHI medium without cell incubation, were incubated and processed the same way as BHI with cells. Absorbance values at 405 nm were recorded using a Hewlett Packard UV/Vis spectrophotometer with ChemStation Softward.
The Vanadium Complexes
The vanadium complexes used in this study are V(pic) 3 Figure S1 . To evaluate the effects of these vanadium complexes, 100 µL of freshly prepared complexes (in 0.15 M sodium acetate buffer, pH 4.5) were added to the cell-free supernatants (450 μL) with 350 μL of the same buffer and incubated 10 minutes before addition of 100 μL of the pNPP substrate then incubated for up to 24 hours at room temperature in the dark. The final reaction volume was 1.0 mL in all enzyme assays. The final vanadium complex concentrations tested ranged from 10 to 200 µM as indicated. Blanks consisted of BHI without cells but with added complex incubated under the same conditions. Effects of other treatments, such as dithiothreitol (DTT), potassium-sodium tartrate, or heating, were also evaluated. All assays were done in triplicate.
Cells With Vanadium Complexes
Cells with and without added vanadium complexes were evaluated daily by light microscopy for cell shape, motility, and clumping using a Jenco inverted compound microscope. The number of clumps (of greater than an estimated 10-20 cells) on days 5, 6 and 7 of culture were estimated and reported as percent of control cells.
To evaluate the ability of selected vanadium complexes to affect activity of SAP from cells, cultures in early log phase (day 3) were incubated with decavanadate (V 10 ), or V(imc) 3 at 20 μM or VO 4 3-at 200 μM. Cell viability (MTT assay) was evaluated on days 4 through 7 following the additions. Also, SAP activity in the medium (after removal of cells by centrifugation) was evaluated on culture days 4 through 7.
Ion Exchange Column Chromatography
The partial isolation of SAP was performed in a 4 o C cold room, and followed the general procedure for anion exchange chromatography reported by Ilg et al. (1994) . Running buffer (20 mM Tris-Cl, 100 mM NaCl, pH 7.5) was poured into the 20 mL packed DE51 (Whatman) anion exchange column to wash the resin. Two columns were prepared, one for the partial isolation of SAP from the cell supernatant and the second used as a BHI medium control. The cell free supernatant sample (112 mL) was obtained following centrifugation (13,667 xg, 20 min, 4 °C) of L. tarentolae cultured in Brain Heart Infusion (BHI) harvested on day 13 of culture. BHI (50 mL) containing no cells and treated identically to the L. tarentolae culture was applied to the second column. Both columns were washed with 20 mM Tris-Cl 100 mM NaCl pH 7.5 (100 mL total) collected as 3 separate volumes (indicated as wash 1, wash 2, and wash 3), then 20 mM Tris-Cl 500 mM NaCl pH 7.5 (10 mL) was used as the high salt final elution buffer.
Enzyme Assay
Aliquots (450 µL) of each column fraction were mixed with 450 µL of 0.15 M sodium acetate buffer (pH 4.5), and 100 µL of freshly prepared pNPP (13.5 mM in sodium acetate buffer) in 1.5 mL centrifuge tubes. Samples were incubated for 22 hours in the dark at room temperature. Reactions were stopped by addition of 100 µL of 10 M NaOH. For each fraction a blank, consisting of the same volume from the BHI cell medium chromatography fraction, was incubated under the same conditions as for the test fractions. The absorbance at 405 nm was evaluated spectrophotometrically. From this work, approximately 98% of the original SAP activity was recovered from the column. Column fractions from the flow-through, wash 1, and the high salt wash were used to test for effects of vanadium complexes.
Testing Inhibitory Effects of Vanadium Complexes With Secreted Acid Phosphatase
Vanadium complexes (Supplemental Figure S1 ) were prepared as previously described (Turner et al., 2012) or used as received (sodium orthovanadate). Aliquots (450 µL) of column fractions were assayed in 0.15 M sodium acetate buffer pH 4.8 (400 µL) with 13.5 mM pNPP (100 µL) with the addition of a vanadium complex (50 µL of freshly prepared stock solutions to give final concentrations of 20 µM V 10 , 200 µM VO 4 3-, or 20 µM V(imc) 3 ; n = 2) and were compared to control samples containing no vanadium (n = 2). Blanks for the vanadium containing samples were composed of aliquots (450 µL) from the corresponding fraction from the BHI chromatography assayed as above. After 22 hours of incubation, in the dark at room temperature, the reactions were stopped by the addition of 10 M NaOH (100 µL) and the samples were evaluated using spectroscopy, A 405 nm. Data are reported as percent of control activity.
Enzyme Storage
Aliquots of partially purified SAP were placed into separate 15 mL polypropylene conical tubes then stored under different conditions. The various conditions were 4 °C with no light, -20 °C, -20 °C with 20% glycerol, -80 °C or -80 °C with 20% glycerol. Once stored for 72 hours, samples were evaluated for enzyme activity relative to freshly obtained enzyme.
Enzyme Kinetics
Freshly partially purified enzyme (from the high salt wash) was used to evaluate the kinetic constants using substrate concentrations from 0.4 to 4.5 mM under initial velocity conditions (22 hours). Data are reported as μM product formed as a function of substrate concentration and also transformed using the Lineweaver-Burk linearization method.
Results
Studies With Cell Supernatant
Using supernatant from cultures of Leishmania from which cells were removed by centrifugation, secreted acid phosphatase (SAP) activity was detected using the artificial substrate pNPP. Figure 1 shows the effect of incubation time on the amount of product (as evaluated at A 405 nm). The response is linear up to 24 hours of incubation. Figure 2 shows that Leishmania tarentolae are able to secrete active acid phosphatase into their culture medium and that, as the culture ages (and uses up the nutrients and experiences accumulation of metabolic waste products), more SAP activity is detected. SAP activity was detected in the culture medium even after 20 days (Table 1) . The difference in SAP measurable activity between cell cultures on different days of senescence (from day 12 to 20) was minimal ±12% variation (as shown in Table 1 ). By day 9 of culture clumping of cells was evident by light microscopy. Also, cells were observed to have little to no motility after day 10 until the end of the experiment, and by day 14 no detectable MTT response was measured. When aliquots of the 20 day culture were transferred to fresh medium, no apparent live cells were detected indicating that cells were not able to recover. When cultures were started with a larger cell inoculum (more than 10 6 cells), the same general trends were observed although the growth curve was shifted to the left so that the stationary phase of the culture was reached much earlier (data not shown). 
Enzyme Storage
Storage of the partially purified SAP for 72 h showed a change of activity with storage temperature. The enzyme storage conditions that yielded the most active enzyme were either 4 °C or -20 o C ( Table 2 ). The activity of the enzyme at 4 °C was also evaluated after two weeks of storage and constant activity was determined (data not shown). 
Microscopy
A typical microscopic field of control promastigote cells on day 5 (at 400 x magnification which allows observation of both individual cells as well as clumps) is shown in Figure 3 . 
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Enzyme Kinetics
Enzyme kinetics were investigated with the partially purified SAP (from the high salt wash) that was kept stored at 4 o C. After confirming activity of the enzyme, an enzyme assay was conducted over various substrate concentrations in order to estimate the Michaelis-Menton constants. After plotting units of activity (µM product formed/22 hour) versus µM pNPP ( Figure 9A ), a distinct break was observed in the trend line. When the data were plotted as a Lineweaver-Burk plot two distinct lines were evident ( Figure 9B ). This suggests that the two different isozymes of SAP are present and that they have different kinetic constants. More studies are needed in order to confirm these results. Tentatively, K m values of 1980 µM and 230 µM and Vmax values of 1.23 µM/hour and 2.98 µM/hour, respectively, were extrapolated. These are not dissimilar to the literature reports for K m of 740 µM (Ilg et al., 1991) . It is thus highly likely that the partial isolation procedure results in at least two isozyme forms being present in this fraction. This, of course, makes the kinetics more difficult to interpret. Non-linear Lineweaver-Burk plots can also be the result of non-Michaelis-Menton type enzymes that exhibit cooperativity. 
Discussion
From these studies, we have determined that the secreted acid phosphatase of Leishmania tarentolae is inhibited by vanadium complexes and thus may open up a new direction for treatment of these parasitic diseases. This is of interest especially since the V 10 compound is relatively easy and inexpensive to synthesize and stable at room temperature as a dry powder (Turner et al., 2012) . The potential of vanadium compounds to have a role in the pharmacopeia for a wide variety of problems has been studied for about 100 years with early work involving diabetes, infections, and cancer (reviewed by van de Velde et al., 2000; van Huijsduijnen et al., 2004; Sakurai et Vol. 6, No. 1; Aureliano & Crans, 2009; Olopade & Conner, 2011) and continuing to parasitic diseases such as leishmaniasis (Turner et al., 2012) . That vanadium complexes can affect enzyme activity in vitro as well as in vivo is becoming well established; however the issue of which specific effective species (whether it is the initial vanadium complex or a metabolite) may be much harder to establish. Crans et al. (1990) carefully showed that vanadate tetramer was the inhibiting species when assessing inhibition of 6-phosphogluconate dehydrogenase from human erythrocytes, sheep liver, yeast or Leuconostoc mesenteroides. Because the stability of vanadium complexes is affected by a number of parameters, such as ionic strength, pH, concentration, and temperature as well other variable such as the presence of proteins and other potential ligands, the identity of the specific active species affecting a cell, a transport system, an enzyme, or a receptor remains not well established. In this study, we used a variety of experimental conditions (cell medium, chromatographic buffers, and assay conditions). We have not been able to specifically determine the 'active' component but have shown that addition of V 10 does affect the activity of the phosphatase measured under specific acidic conditions using a well-established phosphatase substrate. It has long been known that decavanadate is unstable at low concentrations in aqueous solutions (Baes et al., 1976; Csermely et al., 1985; Varga et al., 1985; Chasteen, 1990; Crans et al., 2004) . It is also well known that decavanadate solutions decompose at room temperature more quickly in buffer than in water Varga et al., 1985) . Despite the fact that decomposition studies predict only mononuclear vanadium (V) as the active form of the inhibitor, there is a clear difference in our studies in the Leishmania SAP activity response to V 10 relative to VO 4 3-with the same total vanadium concentration implying that different vanadium species are involved. This is in contrast to what has been observed with alkaline phosphatases (Crans et al., 1990 (Crans et al., , 2004 where similar activity is observed. Such a result is not completely surprising given the lack of stability of V 10 at alkaline pH.
Although it is well-known that Leishmania spp. secrete a stable acid phosphatase, understanding of its biological importance is still limited. Despite previous reports that L. tarentolae do not secrete acid phosphatase (Lovelace & Gottlieb, 1986; Glew et al., 1988; Raymond et al., 2012) , we find clear evidence that this species does secrete acid phosphatase activity late in culture growth suggesting the secretion may occur as a result of the cells being stressed. Because we are using strain 30143 from ATCC and others report using other strains, perhaps different strains have different abilities. Inhibition of this enzyme, as evidenced here through use of several vanadium complexes, correlated with modest inhibition of Leishmania growth in vitro.
In our hands, as Leishmania tarentolae cell cultures age (enter late stationary phase and progress into senescence), we are able to monitor a marked increase in the ability of cells to join in a clumping activity. Cells in clumps appear able to exhibit motility whereas individual cells in the late stage culture have a reduced ability to be motile. We speculate that this clumping may be an important response to stress since in these culture flasks the nutrients may be limiting and the metabolic wastes from these cells are accumulating. It is tempting to speculate that such clumping will allow the cells to exchange genetic material to help adapt to the stress. If this quorum sensing type behavior is negatively affected by vanadium complexes, this could help reduce the parasite load in a host organism. With even older cultures (more than 20 days), the cells again appear to be as individual cells, highly rounded, and non-motile. Cells from these cultures, when transferred to fresh media, do not appear to recover.
In this study we were able to detect non-cell associated acid phosphatase activity (as defined by the pH of the enzyme buffer system and use of the well-established phosphatase substrate). It is of great interest to compare the modest inhibition of V 10 and the V(imc) 3 complexes as well as the VO 4 3-using whole cells in culture (Turner, et al., 2012) with the more extensive inhibition measured here using unfractionated cell-free supernatant from senescent cells in addition to the anion exchange chromatography fractions with acid phosphatase activity. The SAP activity of the various column fractions exhibited more sensitivity to the vanadium complexes than the unfractioned supernatant with the high salt eluted fraction having the most apparent inhibition. These differential sensitivity data clearly indicate that there are at least two different acid phosphatase isozymes (SAP 1 and SAP 2, as reported by Ilg et al., 1991 Ilg et al., , 1994 and possibly more since each column fraction was affected differently in the presence of the vanadium compounds.
The percent SAP enzyme activity recovered from the anion exchange column was about 98% of initial activity. The anion exchange column was successful for the partial isolation of at least two and perhaps three isozyme forms of SAP as indicated by the greater activity measured in the high salt elution fraction (1.1%) compared to the activity measured in wash 3 (0.0%) indicating selectivity by the column. The SAP isolated from the flow through fraction was most strongly inhibited by V 10 (67% inhibition) relative to the other compounds tested. The SAP found in the first wash fraction was most strongly inhibited by V 10 (80%) or V(imc) 3 (~80%). The 20 mM Tris-Cl 500 mM NaCl (high salt wash fraction) showed both V 10 and VO 4 3-inhibited acid phosphatase activity www.ccsenet.org/ijc
International Journal of Chemistry Vol. 6, No. 1; the most (95%), followed by V(imc) 3 (50%) and VO 2 (imc) 2 -(85%). The different inhibition profiles between fractions suggest at least two and perhaps three different SAP isozymes exist in Leishmania tarentolae. Because the secreted acid phosphatases are glycoproteins, changes in the degree of glycosylation may have important effects on this inhibition.
Cloning, separation, and study of these individual SAP enzymes is now an important future step towards elucidating their importance in regards to infectivity and general Leishmania life cycle. This current study provides evidence that further studies for therapeutic treatment of leishmaniasis should focus on inhibition of the SAP enzymes. Specifically, a focus on the SAP interaction with host macrophage cells and utilizing vanadium complexes to interfere with infection of the macrophage should be addressed. Currently, we have begun work involving expression of recombinant SAPs which will allow for evaluating the effects of glycosylation of enzyme activity and vanadium complex inhibition studies.
